Aim: This study investigates for the first time the effect of Porphyromonas gingivalis lipopolysaccharides (Pg-LPS) on proliferative/regenerative aptitudes of gingival stem/ progenitor cells (G-MSCs).
notorious for its tissue destructive virulence factors, including lipopolysaccharide (LPS), fimbriae, capsules, lipoteichoic acids and outer membrane vesicles, with their ability to induce a variety of inflammatory reactions, eventually culminating in the loss of periodontal tissues (Dumitrescu, Abd El-Aleem, Morales-Aza, & Donaldson, 2004) . Pg-LPS thereby plays an important role in the pathogenesis of periodontitis; causing bone resorption and inhibiting bone formation (Andreou et al., 2004; Do et al., 2013) . Although, compared to other Gram-negative bacteria, Pg-LPS is poorly recognized by the host surveillance system (Liu, Desta, Raptis, Darveau, & Graves, 2008) , it induces the production of pro-inflammatory cytokines through activating M1 macrophages, prompting the release of multiple potent catabolic inflammatory mediators, including interleukin-1 (IL-1), interleukin-6 (IL-6), tumour necrosis factor-α (TNF-α) and prostaglandin E2 (PGE-2) (Haffajee & Socransky, 2005) . LPS could further activate the intracellular NF-κB (Baldwin, 2001) and Wnt/β-catenin signalling pathways, with the ability to affect various cellular attributes of MSCs (Duan et al., 2007; George, 2008; Scheller, Chang, & Wang, 2008; Wang et al., 2013) .
Gingival mesenchymal stem/progenitor cells (G-MSCs) possess a remarkable periodontal regenerative potential (Fawzy El-Sayed et al., 2012 Yu et al., 2013) , with marked resistance to inflammatory challenges (Fawzy El-Sayed & Dörfer, 2016) , and exert an immunomodulatory role in their local microenvironment to ameliorate tissue inflammation (Zhang et al., 2009) . Recent investigations outlined a distinctive G-MSCs-associated TLRs' expression profile, with an inflammatory-induced upregulation of TLRs 1, 2, 4, 5, 7 and suppression of TLR-6 (Fawzy-El-Sayed, Mekhemar, Adam-Klages, Kabelitz, & Dorfer, 2016) , and delineated two G-MSCs' TLR-induced immunomodulatory phenotypes (Mekhemar, Adam-Klages, Kabelitz, Dorfer, & Fawzy El-Sayed, 2017) . Nevertheless, apart from the fact that G-MSCs obtained from inflamed gingival tissues presented a differentiation capacity in vitro and a regenerative potential in vivo (Ge, Mrozik, Menicanin, Gronthos, & Bartold, 2012) , scarce knowledge is available on G-MSCs' proliferative and regenerative behaviour, when challenged by potent periodontal bacteria-associated virulence factors. Thus, the aim of this study was to investigate for the first time the effect of Pg-LPS on the proliferative and regenerative potential of G-MSCs in vitro and to elucidate the contribution of a possible activation of the two distinctive NF-κB and Wnt/β-catenin signalling pathways in this respect.
| MATERIALS AND METHODS

| Isolation of G-MSCs
Gingival collars around partially impacted third molars were surgically removed from five different human individuals (n = 5) at the Department of Oral Surgery of the Christian-Albrechts University of Kiel, Germany (IRB approval: D444/10). Cell isolation and culture were performed as previously described . Free gingival tissue collars were detached, de-epithelized, cut, rinsed with basic medium, comprising Eagle's minimum essential medium alpha modification (α-MEM; Sigma-Aldrich GmbH, Hamburg, Germany), supplemented with 15% foetal calf serum (FCS, HyClone, Logan, UT, USA), 100 U/ml penicillin, 100 μg/ml streptomycin and 1% amphotericin (all from Biochrom AG, Berlin, Germany) and left to adhere for 30 min. Basic medium was added and the flasks were incubated at 37°C in 5% CO 2 and the medium was changed three times/week.
After first-passage cells reached 80-85% confluence, they were subjected to immunomagnetic cell sorting, using anti-STRO-1 (BioLegend, San Diego, CA, USA) and anti-IgM MicroBeads (Miltenyi Biotec, Bergisch Gladbach, Germany) antibodies. The positively sorted cell fractions (G-MSCs) were seeded out.
| Flow cytometric analysis
After reaching confluence, G-MSCs were incubated with CD14, CD34, CD45, CD73, CD90 and CD105 antibodies (all from Becton Dickinson, Heidelberg, Germany) and the corresponding isotype controls . CD marker expressions were assessed, using FACSCalibur E6370 and FACSComp 5.1.1 software (Becton Dickinson, Heidelberg, Germany).
| Colony-forming unit (CFU) assay
G-MSCs were seeded in 10-cm culture plates at a density of 1.5 × 10 3 cells/plate. On the 12th day, cell cultures were fixed in ice-cold 100% ethanol for 10 min and stained with 0.1% crystal violet. CFUs were assessed with phase-contrast inverted microscopy. Aggregations of 50 or more cells were scored as colonies.
| Multilineage differentiation potential
• Osteogenic differentiation Second-passage G-MSCs were seeded out on 6-well culture plates in osteogenic inductive medium (PromoCell, Heidelberg, Germany) or basic medium (control) at a density of 2 × 10 4 G-MSCs/well. Media were renewed three times/ week. On the 14th day, cultures were stained with Alizarin Red (Sigma-Aldrich).
• Adipogenic differentiation Second-passage G-MSCs were seeded out on 6-well culture plates in adipogenic inductive medium (PromoCell) or basic medium (control) at a density of 3 × 10 5 G-MSCs/well.
Media were changed three times/week. On the 21st day, cultures were stained with Oil-Red-O (Sigma-Aldrich).
• Chondrogenic differentiation Second-passage G-MSCs were seeded in 1.5-ml Eppendorf tubes (Eppendorf, Hamburg, Germany) as 3D micromasses in chondrogenic inductive medium (PromoCell) or basic medium (control) as 3 × 10 4 G-MSCs/tube.
Media were changed three times/week. After 35 days, cultures were stained with Alcian Blue and acid fast red counter stain (Sigma-Aldrich).
| G-MSCs' stimulation
G-MSCs were stimulated by five different concentrations of Pg-LPS (InvivoGen, California, USA): 0 ng/ml (negative control), 10 ng/ml, 100 ng/ml, 1 μg/ml or 10 μg/ml in basic medium. 2.7 | ELISA for NF-κB and Wnt/β-catenin signalling pathway
| Flowcytometric analysis for TLR-4 expression
TNF-α and IL-6 were measured with SimpleStep ELISA Kit (Abcam, Cambridge, UK), according to the manufacturer's instructions.
Briefly, G-MSCs were seeded out on a six-well plate at a density of 8 × 10 4 cells/well. After reaching 85% confluence, G-MSCs were stimulated by Pg-LPS for 1 hr for signalling pathway assays and washed with PBS twice and 350 μl lysis buffer was added to each well. For the TNF-α and IL-6 assay, G-MSCs were stimulated by Pg-LPS for 24 hr and 48 hr and the supernatant was collected; 50 μl volume of each sample or standard was added in a 96-well plate and mixed with 50 μl of the antibody cocktail (detector and capture antibodies). After incubation for 1 hr at room temperature, each well was washed; 100 μl of 3,3',5,5'-tetramethylbenzidine substrate was added and the plates were incubated for 15 min in the dark on a plate shaker. Finally, 100 μl of stop solution was added to each well for 1 min and OD values were recorded at 450 nm with a universal microplate spectrophotometer (μQuant, BioTek Instruments, Vermont, USA). Protein concentration of each sample was quantified, using the BCA Protein Quantification Kit (Abcam). The levels of phosphorylated, total NF-κB (pNF-κB-p65, tNF-κB-p65) or β-catenin (pβ-catenin, tβ-catenin), TNF-α and IL-6 were calculated by comparing to standard curves. The ratio of phosphorylated/total NF-κB or β-catenin (pNF-κB-p65/tNF-κB-p65 and pβ-catenin/tβ-catenin) was calculated. CO 2 ). Subsequently 1 ml of the solubilization solution was added and incubated overnight (37°C, 5% CO 2 ). A universal microplate spectrophotometer (μQuant) was used to measure the spectrophotometrical absorbance at 550 nm. Each assay was performed in duplicate.
| Cell proliferation assays
Relevant cell numbers were calculated by comparing to the standard curve.
| CFU assay for Pg-LPS
G-MSCs of the five groups were seeded out in 10-cm tissue culture plates at a density of 1.5 × 10 3 cells/plate, and medium with Pg-LPS was changed every 3 days. On day 12, cell cultures were fixed with ice-cold 100% ethanol for 10 min and stained with 0.1% crystal violet. Aggregations of 50 or more cells were scored as colonies.
| mRNA extraction and cDNA Synthesis
According to manufacturer's instructions, mRNA extraction was 
| Statistical analysis
The Shapiro-Wilk test tested the normal distribution of the data.
Differences in TLR-4, pNF-κB-p65, tNF-κB-p65, pNF-κB-p65/tNF-κB-p65, pβ-catenin, tβ-catenin, pβ-catenin/tβ-catenin, MTT and CFUs, mRNA expression of tested genes, protein expression and ALP activity, between the five Pg-LPS-stimulated groups, were examined, using the Friedman test. Differences in MTT results, mRNA expression of all tested genes, protein expression and ALP activity between 24 hr and 48 hr were examined, using the Wilcoxon signed-rank test. All analyses were conducted, using the SPSS software (SPSS version 11.5, Chicago, IL, USA) and the level of significance was set at p = 0.05.
| RESULTS
| Phase-contrast inverted microscopy, CFUs and flow cytometric analysis
After adhesion to the flasks' bottoms, cells grew out of the gingival tissue masses and formed fibroblast-like clusters (Figure 1a ). G-MSCs showed distinctive CFUs ( Figure 1b ) and were negative for CD14, CD34, CD45, while positive for CD73, CD90 and CD105 (Figure 1c ).
| Multilineage differentiation potential
Osteogenic 
| Cell proliferation and CFU assays
With increasing Pg-LPS concentration, the vital cell number was significantly upregulated at 48 hours from (median relative cell numbers, RT-PCR, reverse transcription-polymerase chain reaction; PKG-1, protein kinase G 1; TNF-α, tumour necrosis factor-α; RUNX-2, Runt-related transcription factor 2; ALP, alkaline phosphatase; Col-I, type I collagen; Col-I, type III collagen, ON/SPARC, osteonectin.
T A B L E 1 Primer names and ID used for real-time PCR (as supplied by Roche) (Molteni, Gemma, & Rossetti, 2016) . To date, no data exist on the effect of Pg-LPS on G-MSCs.
The presently explored G-MSCs, similar to previous investigations on this cellular line (Fawzy El-Sayed et al., 2012; Fawzy El-Sayed et al., 2015 Tomar et al., 2010; Fournier et al., 2010; FawzyEl-Sayed et al., 2016; Jin et al., 2015; Gao et al., 2014) , demonstrated all predefined stem/progenitor cell characteristics with CFUs, a distinctive surface marker expression profile and a multilineage differentiation potential (Dominici et al., 2006) . In the present study, G-MSCs were stimulated by Pg-LPS, with concentrations ranging from 0 to 10 μg/ml.
F I G U R E 2 The TLR-4 expression and ELISA results for NF-κB and Wnt/β-catenin pathways of G-MSCs after stimulation with Pg-LPS: (a) TLR-4%protein expression by G-MSCs after stimulation by Pg-LPS for 1 hr. After stimulation of G-MSCs by
Pg-LPS for 1 hr, NF-κB signalling pathway was examined by ELISA for %pNF-κB-p65 (b) and %tNF-κB-p65 (c), and the ratio of pNF-κB-p65/tNF-κB-p65 was calculated (d). Wnt/β-catenin signalling pathway was examined by ELISA for %pβ-catenin (e) and %tβ-catenin (f) and the ratio of pβ-catenin/tβ-catenin was calculated (g) (box-and-whisker plots with medians and quartiles). Significant differences are marked with asterisks (n = 5, *p < 0.05; Wilcoxon signed-rank test). tNF-κB-p65; total NF-κB, pNF-κB-p65; phosphorylated NF-κB, tβ-catenin; total β-catenin, pβ-catenin; phosphorylated β-catenin During oral wound healing, five phases, namely bleeding, inflammation, cellular recruitment, proliferation and remodelling, are classically undergone (Chiquet, Katsaros, & Kletsas, 2015) . Interestingly, recent investigations revealed that LPS stimulation of dental pulp tissue could exert positive attributes, upregulating the mRNA expression levels of stem cell differentiation/migration markers, including stem cell factor (SCF) and stromal-derived factor-1 (SDF-1), resulting in an increased recruitment of CD146 + and STRO-1 + stem-like cells (Sueyama, Kaneko, Ito, & Okiji, 2016) as well as pulp progenitor cells (Chmilewsky, Jeanneau, Laurent, & About, 2015) . The subsequent cellular proliferation stage remains of primary importance to any tissue reparative/regenerative approach, prior to cellular differentiation and commitment. In the oral cavity and in the presence of the bacterial challenge, this phase takes place under exceptional environmental conditions, possibly affecting the respective cellular attributes.
Similar to previous results reported on periodontal ligament stem cells (PDLSCs) (Kato, Taguchi, Tominaga, Umeda, & Tanaka, 2014) , and in contrast to deleterious results observed in dental pulp stem cells (DPSCs) (Feng et al., 2014) as well as bone marrow mesenchymal stromal cells (BM-MSCs) (Tang et al., 2015) , in the present study G-MSCs'
proliferation was enhanced at 48 hr, with increasing Pg-LPS concentration. Furthermore, with a longer stimulation time for up to 12 days, no differences were observed in the CFUs between the different Pg-LPS-challenged groups. The increased G-MSCs' cellular proliferation observed with Pg-LPS stimulation was associated with an intracellular activation of the NF-κB signalling pathway, demonstrating how this signalling pathway's activation could boost cellular proliferation (Biswas et al., 2004) .
Wnt/β-catenin and NF-κB signalling pathways are pivotal conserved cellular pathways, regulating a variety of biological processes during embryonic development and adult homeostatic self-renewal processes in mammals. Both signalling pathways control, through F I G U R E 3 Cell proliferation and CFU assay of G-MSCs were stimulated by Pg-LPS: (a) the relative cell numbers of G-MSCs after stimulation with the five concentrations of Pg-LPS for 24 hr and 48 hr (box-and-whisker plots with medians and quartiles). Significant differences are marked with asterisks (n = 5, *p < 0.05, **p < 0.01; Wilcoxon signed-rank test). (b) CFU assay and number of CFUs (box-and-whisker plots with medians and quartiles) of G-MSCs after stimulation by Pg-LPS for 12 days. CFUs, colony-forming units independent cascades, the expression of different groups of target genes regulating cellular differentiation, proliferation and survival. In addition to these common functions, Wnt/β-catenin signalling is fundamental for tissue development and regeneration, controlling genes of stemness (including OCT-4 and NANOG), proliferation (including MYC and CCND-1) and differentiation (including RUNX-2 and SOX-9), while NF-κB signalling is a strategic player of inflammation. Recent investigations suggested that the two signalling pathways could cross-regulate each other's functions (Ma & Hottiger, 2016) and that both could be affected by LPS stimuli (Duan et al., 2007; George, 2008; Scheller et al., 2008; Wang et al., 2013) . In the present study, the effect of Pg-LPS stimulation on NF-κB and Wnt/β-catenin signalling pathway activation in G-MSCs, regulating both inflammatory and regenerative responses, was investigated. Following Pg-LPS recognition, through TLR-4 receptors, the canonical TLR-4/MyD88/NF-κB pathway is classically activated, accumulating pNF-κB-p65 and initiating a cascade of pro-inflammatory cytokine production (Baldwin, 2001) , comprising IL-6 and TNF-α (Akira & Takeda, 2004; Baldwin, 2001 ). In the present study, Pg-LPS stimulation for 1 hr resulted in a positive feedback loop, after binding to their respective TLR-4 receptors , upregulating the TLR-4 protein expression and markedly surging the levels of pNF-κB-p65 and the ratio of pNF-κB-p65/tNF-κB-p65. The currently observed NF-κB signalling pathway activation with an upregulation in phosphorylation of NF-κB-p65 was recently described in DPSCs challenged by LPS (He et al., 2015) . Similar to results observed by LPS stimulation in dental follicle cells/progenitor cells (Chatzivasileiou, Lux, Steinhoff, & Lang, 2013; Morsczeck, Dress, & Gosau, 2012) On the other hand, a LPS-induced activation of the Wnt/β-catenin signalling pathway, with the ability to affect the osteogenic potential of MSCs (Scheller et al., 2008; Wang et al., 2013) and their inflammatoryinduced reaction (Duan et al., 2007; George, 2008) , remained absent in G-MSCs challenged by Pg-LPS. NF-κB signalling pathway activation further did not promote β-catenin degradation (Chang et al., 2013) in G-MSCs. No changes were observed in the intracellular pβ-catenin, tβ-catenin or pβ-catenin/tβ-catenin levels upon stimulation. A reduction in the intracellular β-catenin level is commonly associated with enhanced cellular inflammatory response and subsequently elevated cytokine production, including IL-6 and TNF-α (Duan et al., 2007) . A steady intracellular β-catenin level usually exerts anti-inflammatory effects (Manicassamy et al., 2010) . Thus, it can be assumed that through maintaining a stable intracellular β-catenin level, G-MSCs attenuated in part the production of these inflammatory mediators, especially IL-6, in response to the Pg-LPS challenge, underlining again the inflammatory-resistant properties of G-MSCs.
In the present study, G-MSCs, unlike other oral stem cells, whose osteogenic capacity was sensitive to Pg-LPS-induced inflammation (Chang, Zhang, Tani-Ishii, Shi, & Wang, 2005; Kato et al., 2014; Tang et al., 2015) , were resistant to Pg-LPS challenge at all tested alkaline phosphatase (TNAP) was significantly higher in human MSCs cultured under inflammatory conditions, which is suggestive of a potential tissue-protective impact, through ALP dephosphorylation and detoxification processes (Peters, Heemskerk, Masereeuw, & Pickkers, 2014) . Hence, the observed elevation in ALP activity under Pg-LPS challenge might indicate a further active cellular protective reaction of G-MSCs to the pro-inflammatory microenvironment they are exposed to. In the absence of a Wnt/β-catenin signalling pathway activation, the observed effects could be NF-κB signalling pathway dependent (He et al., 2013; Li et al., 2014; Ma & Hottiger, 2016) . Pg-LPS appears to exclusively activate the NF-κB signalling pathway in G-MSCs and the earlier described crosstalk between the two pathways (Ma & Hottiger, 2016) remained absent in G-MSCs stimulated
by Pg-LPS. 
| CONCLUSION
